Multiple stacks of quantum dots are proposed as an active layer in a novel solar cells structure. A simple growth technique reported here proves to be an important enabling technology, making uniform, controllable stacks of lnAs dots. Schottky solar cells fabricated from the multistacked graded dots wafer show current-vottage characteristics which indicate a significant improvement in short-circuit current when compared to the Same devices fabricated from a non-graded dots wafer. Spectral response at 1.0-1.4 pm region is attributed to the quantum dot layers.
INTRODUCT1ON
Self-assembled composite quantum dots (QD) strue ture (InGaAsIlnAslGaAs) has been incorporated into solar cells, resulting in improved performance [1, 2] and capacitive behaviors 131. The latter of which has been attributed to the small sizes of the embedded dots. The photovoltaic effects of InGaAs/lnAs/GaAs composite QD Schottky solar cells shows increased photoconductivity with light intensity. At low light intensity levels, conduction through embedded dots affect the bulk conductivity. resulting in Coulomb blockadetype conduction which exhibits itself in the form of capacitance peaks when the blockade is lifted. This leads to an idea of solar cell with charge storage in a single device. Multi-stacked QD increases the active absorbing layer resulting in a broader spectral response. Graded dot sizes giving different quantized levels are the main contribution to broad spectral at long wavelengths.
In this paper, the emphasize is on the growth process which controls the lnAs dot sizes. Two controlling techniques have been investigated, one using different growth rates and the other using in-situ etching to control the size of QDs during growth. Adopting these two approaches, multi-stacked QDs with graded dot sizes as shown in Fig. 1 could be realized. lnAs QDs with graded dot sizes result in quantiied energy states with an important characteristic not found in bulk structure: graded energy states. This property is beneficial to solar cells: they will able to better absorb a broader spectrum of light from the sun.
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SAMPLES PREPARATION
All samples were grown by modified solid source molecular beam epitaxial system. The AsBh in-situ etching gas system is directly connected to the growth chamber. The growth rate of GaAs buffer layer, which calibrated by reflection high-energy electron diffraction intensity oscillation is 0.6 pmlhr. After finishing the growth of buffer at 600°C the substrate temperature was ramped down to 500'C. The 1.8 ML lnAs self-assembled QD layer was grown with different growth rates i.e. 0.01, 0.05, and 0.2 MUS in the first scheme (see Fig. l(a) ). In the second scheme ( Fig. l(b) ). the growth rate of the OD layer is fixed at 0.01 MUS and the flow rate of the etching gas is 10 m s m . The dot sizes were controlled by changing the etching times f" 6 s to 24 s.
Each lnAs QD layer was grown on GaAs surface and characterized the structural properties by atomic force microscopy (AFM). Moreover, the same lnAs QD was grown again and capped with GaAs to observe the optical properties by room temperature photoluminescence (PL) spectroscopy. The AFM is conducted in air by Nanoscope llla in tapping mode. The PL was excited by Ar+ laser and the signal was detected by cooled Ge detector with standard lock-in technique.
To realize the solar cell structure. the Schottky (Au) and ohmic (Au:Ge/Ni) contacts were separately metalked by metal evaporation system. Each device was deaved and bonded. The radiated area is about 0.06 an2. 
CONTROL OF DOT SIZES
Each QD layer shown in Fig. l(a) were grown separately and observed the structural and optical properties by AFM and PL measurements, respectively. Fig. 2 shown the PL spectra and corresponding AFM images of the 1.8 ML lnAs QD grown at different growth rates. It is obviously that the dot sue and dot density are drastically changed by controlling the growth rate. The PL results are well corresponded to the sue of the dot i.e. smaller dot grown at high growth rate (0.20 MUS) shows the dear blueshifl wmpared with the large dot grown at low growth rate (0.01 MUS). In addition, the sue uniformity of the dots are also corresponded to the fullwidth-at-half-maximum (FWHM) value of the QD layer. Fig. 3 shows the PL spectra and AFM images of each QD layer in Fig. l(b) . The blueshifl of the PL peak spetra is due to the decrease in sue of the QD, which can also see from the AFM images of 12 s and 24 s etched samples. The controllability of QDs size without changing the dot density is the advantage of this technique.
Moreover, the FWHM of these OD ensembles are the same range as the QD grown without using in-situ etching gas. This implys that the etching gas do not deteriorate the uniformity and radiative efiaency of the OD layer.
The above results imply that a single stack of QD having uniform. controllable dot sizes can be grown. Therefore, multiple stads of QDs-with each subsequent stack having smaller, controllable dot sizes, or g r a d e b could be grown. Structures shown in Fig. 1 Schottky solar cells similar to our previous devices [3] were fabricated from the multi-stacked structure and tested under solar simulator at different light intensities. Current-voltage characteristics of the device (with exposed area of -0.06 cm') as shown in Fig. 5 exhibit photovoltaic effect with short-circuit current of 0.23 mA at light intensity of 1000 W/mZ. This value is upto two orders of magnitude comparing to our previous multi-stacked non-graded structure [3] .
SPECTRALRESPONSEOFPHOTOCURRENT
Schottky QD solar cells were tested by a widespectral light source through a monochromator and an intensity filter to obtain the spectral response of photocurrents at different light intensities. The result is shown in Fig. 6 . There are two regions of responses, i.e. the short wavelength region between 400-850 nm and the long wavelength region between 1000-1800 nm.
The short wavelength response originates from the bulk GaAs material which shows a cut-off at 850 nm. The spectral shape has a peak maximum at 695 nm. This is due to tungsten lamp spectrum. The long wavelength response results from the multistacked embedded lnAs ODs which starts from 1000 nm and drops off at 1400 nm due to quantized energy levels in the structure. The peak at 1170 nm in the long wavelength region corresponds to the peak position of PL spec4" of the multi-stacked QD (Fig. 4(b) ). However, the origin of the peak spectrum at 1040 nm is still unknown.
It is noticeable that spectral responses at short and long wavelength as shown in Fig. 6 are different in nature. However, the abrupt change of the peak intensity are still under investigation. 
CONCLUSIONS
Multi-stacked Schottky QD solar cells with graded dot sues were fabricated by controlling growth rates or varying in-srfu etching times of each QD stad. PL measurements and AFM images confirm the dot sue and its uniformity. I-V curves at different light intensities using a solar simulator were measured and show a potential inwease of short circuit current by the graded QD structure. Spectral response at long wavelengths were detected due to the QD matrix-bulk structure.
